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ABSTRACT

Whether and how an acute immune challenge may affect DNA Damage Response (DDR) is unknown. By studying
vaccinations against Influenza and SARS-CoV-2 (mRNA-based) we found acute increases of type-I interferon-
inducible gene expression, oxidative stress and DNA damage accumulation in blood mononuclear cells of 9
healthy controls, coupled with effective anti-SARS-CoV-2 neutralizing antibody production in all. Increased DNA
damage after SARS-CoV-2 vaccine, partly due to increased oxidative stress, was transient, whereas the inherent
DNA repair capacity was found intact. In contrast, in 26 patients with Systemic Lupus Erythematosus, who served
as controls in the context of chronic immune activation, we validated increased DNA damage accumulation,
increased type-I interferon-inducible gene expression and induction of oxidative stress, however aberrant DDR
was associated with deficiencies in nucleotide excision repair pathways. These results indicate that acute im-
mune challenge can indeed activate DDR pathways, whereas, contrary to chronic immune challenge, successful
repair of DNA lesions occurs.

1. Introduction

Vaccination constitutes an essential way to restrain the spread of
severe infectious diseases, which impose a potentially serious threat to
public health. Life-threatening diseases like smallpox have been eradi-
cated, while others like polio, tetanus, diphtheria, and measles have
been significantly restricted, since vaccination implementation [1].
Especially, in the case of influenza, annual vaccination is the most
effective protection. When the circulating strain matches the strains
included in the Influenza vaccine, vaccination can reduce serious illness
probability by 40-60% [2].

At the end of 2019, a new pathogen imposed a major threat to public
health [3]. Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) caused an outbreak of viral pneumonia, a disease known as
Corona Virus Disease-2019 (COVID-19). COVID-19 was declared a
pandemic in March 2020 causing more than 2.5 million deaths world-
wide and a major socio-economic impact [4,5]. To confront this critical
need, a plethora of vaccination technologies are being tested against

SARS-CoV-2. The newer mRNA (Pfizer/BioNTech, Moderna) and
adenovirus-based (AstraZeneca/Oxford) vaccine platforms have been
licensed for use in humans, while other technologies, i.e. inactivated
viruses and recombinant protein-based vaccines (Sanofi, Novavax,
Sinovac and GSK), are currently being tested [6,7].

Vaccination effectiveness is significantly influenced by the immu-
nological cellular response to vaccine antigens. After vaccination, innate
immune response is temporarily activated. Type I interferons (IFN),
which are key mediators of antiviral innate immune response, have been
shown to be transiently increased after vaccination against viruses like
Influenza [8,9]. This acute innate immune activation is thought to be of
great importance, since type I interferon induction can activate the
adaptive immune response and influence the neutralizing antibody
production [10].

Oxidative stress, an imbalance between the oxidant and antioxidant
mechanisms after exposure to deleterious stimuli, plays a pivotal role in
the pathogenesis of viral infections. Acute immune activation following
a viral infection is associated with increased oxidative stress, as a result
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of viral replication and the consequent inflammation [11,12]. Under
these inflammatory conditions, the immune cellular components
generate increased levels of reactive oxygen (ROS) and nitrogen species
(RNS), two main oxidative representatives, and catalyze the production
of oxidative DNA damage and the activation of DNA Damage Response
(DDR), indicating an association among acute immune activation,
augmented oxidative stress and DNA damage formation [13]. However,
to the best of our knowledge, the direct effect of vaccination upon the
formation of intracellular oxidative stress and the activation of DDR
network has not been adequately studied.

On the other hand, systemic autoimmune diseases are characterized
by chronic immune activation, ultimately leading to tissue injury [14].
The prototypic example of chronic autoimmune disorders is Systemic
Lupus Erythematosus (SLE), characterized by aberrant immune system
activation, production of numerous pathogenic autoantibodies and im-
mune complex deposition [15-18]. Apart from chronic immune acti-
vation, SLE patients display excessive production of pro-oxidant species
and defective DDR mechanisms [19,20], resulting in cytosolic DNA
fragments accumulation which may act as potent immunostimulators
[21,22]. Herein, we sought to investigate how transient immune acti-
vation triggers the DDR network and whether this differs in chronic
immune activation. For this purpose, we evaluated critical DDR pa-
rameters and factors leading to DNA damage formation in peripheral
blood mononuclear cells (PBMCs) from healthy controls following
vaccination against Influenza and SARS-CoV-2 compared to SLE patients
with variable disease activity levels.

2. Materials and methods
2.1. Subjects

Nine apparently healthy members of the personnel of our hospital
(aged from 27 to 44 years, 7 women) were recruited during the influenza
(October 2019, VaxigripTetra, inactivated Influenza vaccine, Sanofi
Pasteur) and SARS-CoV2 vaccinations (January-February 2021, Com-
irnaty, BNT162b2, mRNA vaccine, Pfizer-BioNTech). Peripheral blood
samples were collected immediately before and 24 h after the single
dose of influenza vaccination, as well as immediately before and 24 h
after the first dose of a mRNA SARS-CoV-2 vaccination, and 14 days after
both the first and the second dose. Twenty-six patients who fulfilled the
American College of Rheumatology criteria for Systemic Lupus Erythe-
matosus [23] (24 women aged from 18 to 70 years) with variable clin-
ical disease activity [Systemic Lupus Erythematosus Disease Activity
Index (SLEDAI): mean + SD (range): 2.88 + 3.43 (0—12)] served as
disease controls in our protocol. All healthy controls and patients gave
their informed consent according to the declaration of Helsinki. The
study was approved by Laiko Hospital Ethics Committee (Protocol
Nr.1110).

2.2. Cell isolation

PBMCs were isolated and purified using Ficoll gradient centrifuga-
tion, as previously described [24]. Cells were resuspended in Freezing
Medium [90% Fetal Bovine Serum (FBS) -10% Dimethyl sulfoxide
(DMSO)] or lysed in TRITidy G (AppliChem, Germany) and stored at
—80 °C until further processing.

2.3. RNA extraction, reverse transcription, and type I IFN score
calculation

RNA was extracted with the use of TRITidy G Reagent (AppliChem,
Germany) according to the manufacturer’s instructions and immediately
stored at —80 °C. The quantity and quality of RNA samples were spec-
trophotometrically tested (Biospec Nano, Japan).

One microgram of total RNA was reverse transcribed into cDNA with
Superscript III (Thermo Fisher Scientific, USA). Complementary DNA
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samples were diluted 1:10 with nuclease-free water (Qiagen, Germany)
immediately after synthesis and stored at —20 °C.

Quantitative real-time polymerase chain reaction (qQRT-PCR) was
used to quantify the expression of selected genes using the Bio-Rad IQ5
thermocycler and the KAPA SYBR FAST Mastermix (KAPA Biosystems,
South Africa), as previously described [25]. Briefly, genes preferentially
induced by type I IFNs according to recent data [20,21] were selected
and included the following: IFN-induced protein with tetratricopeptide
repeats 1 (IFIT1) and myxovirus (influenza virus) resistance 1 (MX1). As
an internal control and normalization gene (housekeeping gene), we
used the glyceraldehyde phosphate dehydrogenase (GAPDH). A refer-
ence sample was included in each PCR plate to ensure normalization
across experiments. Type I IFN score was calculated as previously
described [25-27].

2.4. Oxidative stress measurement and abasic sites detection

Basal oxidative stress was quantified using a luminescence-based
system that detects and quantifies total glutathione (GSH), oxidized
glutathione (GSSG), and the GSH/GSSG ratio according to manufac-
turer’s experimental protocol (GSH/GSSG-GloTM Assay, Promega). The
endogenous levels of abasic sites were evaluated using the OxiSelect
Oxidative DNA Damage Quantitation Kit (AP-sites) according to the
manufacturer’s experimental protocol (Cell Signaling Inc., UK).

2.5. DNA damage quantification

Endogenous DNA damage levels in PBMCs were measured by single-
cell gel electrophoresis (comet assay) under alkaline conditions,
measuring single-strand breaks (SSBs) and/or double-strand breaks
(DSBs) as previously described [28].

2.6. Measurement of nucleotide excision repair (NER)

NER capacity was evaluated at cellular and gene-specific level. At
cellular level, freshly isolated PBMCs were directly resuspended in PBS
and irradiated with UVC with a total dose of 5 J/m? as previously
described [28]. Briefly, PBMCs were centrifuged after UVC irradiation,
passed in RPMI medium containing 10% FBS, 100 units/ ml penicillin
and 100 mg/ml streptomycin and incubated in a humidified COz-incu-
bator (37 °C, 99% dH20, 5% COy) for 1, 2, and 6 h. At each time point,
cells were collected in freezing medium (90% FBS, 10% DMSO) and
stored at —80 °C until further processing. To evaluate DNA damage,
each sample was analyzed by alkaline comet assay.

At gene level, the NER mechanism capacity was evaluated by the
monofunctional binding of mono-hydroxy-melphalan to a single site in
the DNA molecule (monoadducts) at specific timepoints as previously
described [29]. PBMCs were treated with 100 pg/ml of mono-hydroxy-
melphalan for 5 min in complete RPMI-1640 medium supplemented
with 10% FBS and 100 units/ml penicillin, 100 pg/ml streptomycin and
2 mM ti-glutamine. Cells were subsequently incubated in drug-free
complete RPMI medium, harvested at specific time-points (15, 30 and
60 min) and DNA monoadducts were measured along the NRAS gene
using Southern Blot analysis [28].

2.7. Measurement of neutralizing antibodies against SARS-CoV-2

Neutralizing antibodies (NAbs) against SARS-CoV-2 were quantified
using the cPass ™ SARS-CoV-2 Neutralization Antibody detection kit
(GenScript, USA), a surrogate virus neutralization assay, which allows
the indirect detection of the circulating NAbs against SARS-CoV-2
independently of class in the peripheral blood, by evaluating the
antibody-mediated inhibition of SARS-CoV-2 receptor binding domain
(RBD) binding to human host receptor angiotensin converting enzyme 2
(ACE2), according to the manufacturer’s experimental protocol [30].
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2.8. Statistical analysis

The variable distribution was examined by D’Agostino-Pearson and
Shapiro-Wilk tests. Continuous variables are presented as mean + SD.
Paired comparisons were performed with the use of Wilcoxon signed-
rank test and independent comparisons were performed with the use
of Mann-Whiney U test. Results were considered significant when p <
0.05. Statistical analysis was performed in SPSS v.26 and SigmaPlot
v.14.5 (IBM, USA) and GraphPad Prism v.9.1.1 (GraphPad, USA).

3. Results

3.1. Type I interferon score in PBMCs upon acute and chronic immune
activation in vivo

First, we examined whether the innate immune response is activated
after the Influenza and SARS-CoV-2 vaccination. Therefore, we calcu-
lated type I IFN score as a composite of two type I IFN-inducible genes
(IFIT1 and MX1) and normalized to a housekeeping gene (GAPDH).
Significantly increased type I IFN score was detected in healthy in-
dividuals 24 h following administration of influenza or SARS-CoV-2
vaccine (p = 0.021 and p = 0.012, respectively), declining thereafter
in samples obtained following SARS-CoV-2 vaccination (Fig. 1). When
we directly compared the induction of type I IFN response after vacci-
nation against Influenza or SARS-CoV-2 vaccines at the individual pa-
tient level, we did not observe a significant difference (p = 0.148).
Moreover, the type I IFN response in individuals vaccinated against
SARS-CoV-2 was comparable between those 2 individuals who showed a
systematic reaction (fever, chills), and the rest study subjects who only
had pain at the injection site. In addition, compared with healthy in-
dividuals before vaccination, SLE patients demonstrated higher type I
interferon score (p < 0.05), comparable to those scores detected in 24 h
after vaccination.
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Fig. 1. Type I interferon (IFN) signature in peripheral blood mononuclear cells
(PBMCs) upon acute and chronic immune activation in vivo. Tukey boxplots
showing the type I IFN score, calculated as the total of the relative mRNA
expression of two type I IFN-inducible genes (IFIT1 and MX1) in PBMCs of
healthy controls (HCs) (n = 8) before and after SARS-CoV-2 and influenza
vaccination and SLE patients (n = 10). The relative mRNA expression was
measured using RT-qPCR. P-values are derived from Wilcoxon signed-rank test
and Mann-Whitney U test. * P < 0.05, *** P < 0.001.
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3.2. Successful immunization by SARS-CoV-2 vaccination

Next, we investigated whether SARS-CoV-2 vaccination successfully
elicited a strong antibody response. For this purpose, we measured the
neutralizing capacity of circulating antibodies 14 days after the second
dose of the mRNA SARS-CoV-2 vaccine, as at that timepoint a sufficient
antibody response can be observed [31]. Indeed, all vaccinated in-
dividuals showed a robust neutralizing antibody production (>90%
antibody-mediated inhibition of SARS-CoV-2 RBD binding to human
host ACE2), irrespective of changes in DNA damage, oxidative stress
levels or type I IFN response.

3.3. Transient induction of oxidative stress by influenza and SARS-CoV-2
vaccination

Moreover, we aimed to investigate whether oxidative stress is
induced after acute and chronic immune activation. SARS-CoV-2 and
Influenza vaccines generated a transient increase of oxidative stress in
the PBMCs of healthy individuals 24 h after vaccination, as indicated by
the reduction of GSH to GSSG ratio (p = 0.028 and p = 0.012 vs baseline,
respectively; Fig. 2A), and the increased formation of abasic sites, a
prototypical oxidative adduct (p = 0.027 and p = 0.011 vs baseline,
respectively), which was subsequently resolved in samples obtained
following SARS-CoV-2 vaccination (Fig. 2B). Additionally, we found
that unstimulated PBMCs from SLE patients exhibited maximal oxida-
tive stress at levels comparable to those of the healthy individuals 24 h
after vaccination.

3.4. Oxidative stress fuels DDR activation

Next, we examined whether the increased oxidative stress, observed
in healthy individuals 24 h after vaccination, as well as in SLE patients,
resulted in DDR activation, considering that oxidative stress is a major
contributor to DNA damage formation [13]. We assessed DNA damage
by measuring DSBs and/or SSBs via alkaline comet assay (Fig. 3A). We
found that PBMCs from healthy individuals 24 h after SARS-CoV-2 and
Influenza vaccination demonstrated significantly higher DNA damage
levels, compared to those before vaccination (SARS-CoV-2 vaccine: p =
0.008, Influenza vaccine: p = 0.015), which were successfully repaired
14 days after either the first or the second dose of SARS-CoV-2 vacci-
nation (Fig. 3B). On the other hand, PBMCs from SLE patients showed
significantly higher endogenous DNA damage compared with healthy
individuals before vaccination (p < 0.05), indicating that SLE patients
display a significant DNA damage accumulation without external stim-
uli and a persistently activated DDR network.

3.5. Effective DNA damage repair in healthy individuals after vaccination
opposing to patients with SLE

Next, we investigated whether the aforementioned DNA damage
accumulation may be attributed to deficits in the DNA damage repair
mechanisms apart from the augmented oxidative stress levels. We
examined the efficacy of a central DNA repair pathway, namely NER,
both at cellular and gene-specific level.

In order to examine the NER capacity at cellular level, we irradiated
freshly isolated PBMCs with UVC, which causes 6—4 photoproducts (6—4
PPs) and cyclobutane pyrimidine dimers (CPDs), both of which are
exclusively repaired by NER. Peak DNA damage levels were observed 1 h
after UVC irradiation and, subsequently, DNA damage levels were
reduced. We found that NER capacity remained unaffected after influ-
enza and SARS-CoV-2 vaccination at PBMCs of healthy individuals [AUC
of NER kinetics: SARS-CoV-2 vaccine: p = 0.214 vs baseline (Fig. 4A);
influenza vaccine: p = 0.678 vs baseline (Fig. 4B)]. However, SLE pa-
tients demonstrated significantly reduced NER capacity, as evidenced by
the lower rates of DNA damage resolution (AUC of NER kinetics: p =
0.001). Of interest, we observed a trending association between
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Fig. 2. Induction of oxidative stress by SARS-CoV-2 and influenza vaccination
in peripheral blood mononuclear cells (PBMCs) of healthy individuals at levels
observed in PBMCs of SLE patients. Tukey boxplots representing oxidative
stress levels expressed as (A) the ratio of reduced Glutathione (GSH) to oxidized
glutathione (GSSG) and (B) the amount of abasic sites per 10° base pairs in
PBMCs of HCs before and after SARS-CoV-2 (n = 6) and influenza (n = 9)
vaccination and SLE patients (n = 10). P-values are derived from Wilcoxon
signed-rank test and Mann-Whitney U test. * P < 0.05, ** P < 0.01.

endogenous DNA damage and NER capacity in the SLE patients (r =
0.583, p = 0.099), partly explaining the increased endogenous DNA
damage manifested in these patients. However, patients with more
severely affected NER mechanism or higher endogenous DNA damage
levels do not show signs of higher disease burden, such as higher anti-
nuclear autoantibody titres (ANA < 1/320 vs rest patients p = 0.286 and
p = 0.413 respectively) or higher SLE disease activity (SLEDAI > median
vs rest patients p = 0.631 and p = 0.556 respectively).

Additionally, the efficacy of NER mechanism was examined at the
entire NRAS gene by administrating mono-hydroxyl-melphalan, an
alkylating agent capable of inducing DNA damage mainly repaired by
NER [28]. In all subjects, similar formation of monoadducts was found
at the end of the 5-min treatment. Afterwards, we found no differences
in the repair capacity of the PBMCs before and after vaccination (SARS-
CoV-2 vaccine: p = 0.753, influenza vaccine: p = 0.594; Fig. 4C,D),
whereas PBMCs from SLE patients showed significant defects in this
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mechanism (p < 0.001), which confirms our previous observations in
patients with quiescent SLE [20]. Importantly, we found minor indi-
vidual variability in the NER capacity of the HCs after SARS-CoV-2 and
Influenza vaccination, when assessing NER efficiency at both cellular
and gene-specific level (Supplementary Fig. 1 A,B).

4. Discussion

Herein we show that vaccination against RNA viruses such as
Influenza A and SARS-CoV-2 leads to a transient activation of the DDR
network, along with the antiviral innate immune responses, to a com-
parable level seen in patients with SLE. However, while DNA damage
formation via oxidative stress is significantly increased in healthy sub-
jects post-vaccination, the DNA repair capacity of such lesions by the
NER mechanism remains intact. On the other hand, SLE patients, where
a chronic immune activation is presumably present, display both
increased DNA damage formation and significantly impaired repair ca-
pacity, which could account for the increased levels of endogenous DNA
damage that we and others have previously reported in SLE patients
[19,20] or other systemic autoimmune diseases [25,28].

An interplay between DDR and innate immune response has been
well-documented in the past years (reviewed in [13,32]). Previous
studies have shown that DNA damage accumulation elicits innate im-
mune responses mostly through a cGAS/STING-mediated pathway
[21,33,34], while on the other hand chronic activation of the immune
system can lead to DNA damage accumulation [35,36]. In our study, we
aimed to dissect the effect of an acute immune challenge vs chronic
immune activation on the DDR system. For this purpose, we used
vaccination as an in vivo model of acute inflammation, since previous
studies have shown that vaccines lead to acute systemic inflammatory
responses expanding in other tissues beyond the activated lymphocytes,
such as the endothelium [37]. More specifically, a previous study
examining the transcriptomic alterations in healthy subjects vaccinated
against Influenza showed a transient, yet significant upregulation of the
type I IFN response in peripheral blood leukocytes [8]. Similarly, we
show herein that both Influenza and SARS-CoV-2 vaccination induce a
type I IFN response in healthy controls’ PBMCs. As a representative
chronic inflammatory disease we selected SLE, because type I IFN is
integral for its pathogenesis [38], as well as a valuable therapeutic target
[39].

Type I [FNs are a critical component of the immune response against
viral infections, serving as the link between innate and adaptive immune
responses [40]. Among other pleiotropic functions, type I IFNs promote
maturation and differentiation of professional antigen presenting cells
(APCs), such as dendritic cells [41], which in turn activate B cells for
antibody production [42]. Type I IFNs can also directly activate B cells
by upregulating the expression of multiple surface antigens or other
mediators such as BAFF (nicely reviewed in [43]), while they also pro-
mote rapid expansion of antigen-specific B cells, which produce
neutralizing antibodies [44]. Moreover, type I IFNs orchestrate antiviral
T cell responses by directly activating T cells, enhancing APC-T cell in-
teractions and preventing NK-mediated destruction of clonally
expanding viral-specific T cells [45]. It is, thus, not surprising that type I
IFNs have been proposed as adjuvants in vaccines to enhance host
antiviral immunity [46]. Herein, to the best of our knowledge we show
for the first time that SARS-CoV-2 vaccination elicits a potent type I IFN
response in healthy young adults, which, however, returns to normal
levels 2 weeks after vaccination, in accordance with previous studies on
Influenza vaccination [8].

Further, we showed that both Influenza and SARS-CoV-2 vaccination
led to increased oxidative stress levels, which however returned to
normal after 14 days. In line with our results, previous studies have
shown that vaccines can induce a systematic upregulation of oxidative
stress [47-49], as evidenced by increased oxidative products in breath
[47] and decreased plasma anti-oxidant capacity [48,49]. Of interest,
oxidized DNA, either viral or endogenous, can resist degradation by the
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Fig. 3. DNA damage accumulation and successful repair
following SARS-CoV-2 and influenza vaccination in healthy
individuals, unlike SLE. A) Representative alkaline comet
assay images of untreated PBMCs from one HC before and at
four time-points after SARS-CoV-2 vaccination (1-4), one HC
before and after influenza vaccination (5,6) and a SLE patient.
B) Tukey boxplots representing the endogenous DNA damage
levels (Olive tail moment arbitrary units) as assessed by
alkaline comet assay in peripheral blood mononuclear cells
(PBMCs) from healthy controls (HCs) before and after SARS-
CoV-2 and influenza vaccination (n = 9) and in SLE patients
(n = 26). P-values are derived from Wilcoxon signed-rank test
and Mann-Whitney U test. * P < 0.05, ** P < 0.01.
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cytoplasmic exonuclease TREX1, thus accumulating in the cytoplasm
and further propagating innate immune activation [34], which is in line
with our observation of increased type I IFN in parallel with increased
oxidative stress. Although SARS-CoV-2 vaccination induced this tran-
sient oxidative stress and DNA damage accumulation, we did not find a
direct association with the neutralizing antibody production efficiency,
as all participants in our study developed a strong neutralizing antibody
response. While oxidative stress levels returned to normal in the healthy
vaccinated individuals, we observed a similar increase in oxidative
stress levels of SLE patients without an external stimulus. Whether this
transient increase in oxidative stress and DNA damage is beneficial
(associated with more efficient neutralizing antibody production) or
detrimental remains to be elucidated in future studies. Oxidative stress is
integrally implicated in the pathogenesis of SLE at multiple levels [50].
Oxidized DNA has been found to co-localize with type I IFN-induced
proteins in skin biopsies of SLE patients further supporting the inter-
play between oxidative stress and innate immune response [34].
Moreover, oxidization of self-antigens renders them more immunogenic
enhancing auto-antibody production [51,52], while levels of protein
oxidation have been found to strongly correlate with disease activity
[53]. T cells of SLE patients show decreased levels of reduced

glutathione, while treatment of SLE patients with the potent anti-
oxidant N-acetylcysteine improved disease activity [54]. Of note,
oxidative stress promotes the expansion of CD4/CD8-double negative T
cells, Th2 and Th17 cells (nicely reviewed in [50]), which are central in
SLE pathogenesis [55-57]. Whether pre-existing increases in oxidative
stress and DNA damage can affect antibody production after vaccination
remains unknown. Nevertheless, recent studies examining response of
patients with systemic autoimmune diseases to SARS-CoV-2 vaccination
show decreased antibody production compared to healthy subjects,
which may be attributed either to their underlying disease and/or
immunomodulatory therapy [58,59].

Finally, we observed a transient accumulation of DNA damage in
PBMCs 24 h post-vaccination, which returned to normal levels a few
days later. Previous studies have shown that antigen-activated T lym-
phocytes show a pronounced DDR [60] and can rapidly proliferate with
an initial division time of approximately 2 h [61]. This can lead to
genomic stress, which could partially explain the increased DNA damage
levels that we observed shortly after vaccination. On the other hand,
vaccination did not seem to affect DNA repair capacity of the healthy
subjects, which is opposite to the deficiency of central DNA repair
mechanisms that we observed in patients with SLE. Of interest, in the
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Fig. 4. Nucleotide excision repair (NER) of DNA damage in healthy individuals differs from patients with SLE. A-B) Line graphs representing NER capacity at cellular
level by showing levels of single- and/or double-strand DNA breaks (Olive tail moment + Standard error) as assessed by alkaline comet assay in peripheral blood
mononuclear cells (PBMCs) of HCs before and after SARS CoV-2 and influenza vaccination (n = 9) and SLE patients (n = 10) at baseline and 1, 2, and 6 h after ex vivo
UVC irradiation of freshly isolated PBMCs with 5 J/m? C-D) Line graphs representing NER capacity at gene-specific level (NRAS gene), by showing the removal of
monoadducts 0-60 min after treatment of PBMCs derived from HCs before and after SARS-CoV-2 and influenza vaccine, as well as from SLE patients, with mono-

hydroxy-melphalan.

acute inflammatory response, DDR seems to have a protective role for
the organism; in sepsis, for example, induction of a potent DDR can
prevent the development of hyper-inflammatory syndrome and reduce
tissue damage [62]. In contrast with the single immune challenge
imposed by the vaccination, however, in SLE T cells are constantly
stimulated by self-antigens. This chronic antigenic stimulation has been
associated with telomere shortening and decreased proliferation of SLE
PBMCs [63], a state called replicative senescence [64].

5. Conclusion

To conclude, our study demonstrates that influenza and SARS-CoV-2
vaccines, acting as an acute immune stimulant, successfully activate the
DDR network, whereas SLE patients, characterized by chronic immune
activation, manifest an aberrant DDR activation. Post-vaccination

healthy individuals exhibit a transient increase in type I IFN expres-
sion and oxidative stress, inducing resolvable DNA damage. On the other
hand, SLE patients display an unresolved persistent increase in type I
IFN expression and oxidative stress. Most importantly, the acute im-
mune activation does not influence the DNA repair capacity, in contrast
to the deficiencies observed in SLE patients. The aforementioned results
can be used to shed light on the cellular pathways involved in the
activation of the adaptive immune response and the production of
neutralizing antibodies after SARS-CoV-2 and influenza vaccination, as
well as analyze the aberrations caused by the chronic immune
activation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.clim.2021.108765.
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